1. Introduction {#s1}
===============

Coronary microembolization (CME) is a coronary microcirculation embolism and myocardial microinfarction caused by spontaneous rupture of coronary atherosclerotic plaques or microemboli during percutaneous coronary intervention (PCI).[@b1] The incidence of CME during perioperative PCI has been reported as 15%--20% and is up to 45% in high-risk patients.[@b2] CME may lead to postoperative "no-flow" or "slow-flow" as well as microcirculation dysfunction, subsequently resulting in myocardial ischemia, arrhythmia, heart failure, and other consequences and is a strong predictor for the long-term major adverse cardiovascular events.[@b3],[@b4]

Studies have revealed that CME can stimulate the cardiomyocyte apoptosis and inflammation in local myocardial tissues, and thus speculate that apoptosis and inflammation are the two major pathological mechanisms of progressive cardiac function deterioration following CME.[@b5],[@b6] Our previous studies found prominent myocardial cells apoptosis in the infarction-related regions after CME. On the other hand, the expression of apoptosis-related proteins, the caspase family, was significantly increased and the expression of the apoptosis-related protein BCL-2 family was altered. These phenomena proved that both the mitochondrial apoptosis pathway and death receptor pathway are involved in the CME-induced myocardial injury process.[@b2],[@b5] p53 is a critical apoptosis-related gene and participates in apoptosis initiation, which can regulate the process through the death receptor pathway, Bax/BCL2, NF receptor, Fas protein, and other pathways.[@b7] Jiang, *et al*.,[@b8] found that p53 expression in myocardial tissues was upregulated during myocardial ischemia-reperfusion (I/R), and was positively correlated with the myocardial apoptosis level. Xiao, *et al*.,[@b9] revealed that the cardiomyocyte apoptosis was reduced after mitochondrial apoptotic pathway was inhibited; the p53 expression was also down-regulated. Some studies reported that the down-regulation of p53 expression could reduce myocardial apoptosis during myocardial infarction.[@b10],[@b11] In our previous studies, p53 expression was found to be up-regulated in CME rats using gene expression profile microarray. Nevertheless, whether p53 activates the mitochondrial apoptotic pathway during CME, and whether it is possible to modulate the CME-induced myocardial apoptosis by p53 interference is yet unclear.

Therefore, the present study aimed to evaluate the p53 expression and its correlation with the mitochondrial pathway in CME rats. We also performed interference of p53 expression to reveal its role in CME-induced cardiac dysfunction and cardiomyocyte apoptosis.

2. Methods {#s2}
==========

2.1. CME modeling and experimental grouping {#s2a}
-------------------------------------------

The present study was approved by the Ethics Committee of Guangxi Medical University and implemented in accordance with the animal experiment management practice. In addition, the treatment and usage of laboratory animals were in accordance with National Institute of Health (NIH Publication No. 85--23, revised in 1996).

Forty SD rats (aged 8 weeks, weight 250--300g, male or female, provided by the Laboratory Animal Center, Guangxi Medical University) were randomly assigned to 4 groups (*n* = 10 in each group): CME group, sham group, CME+siRNA-P53 group, and CME+control-p53 group.

CME modeling: rats of the CME+siRNA-p53 and CME+control-p53 groups were treated as described previously by Mao, *et al*.,[@b12] wherein the adeno-associated virus subtype 9 (AAV9, GeneChem, China) was considered as the vector carrying the p53-siRNA sequences (5′-CACCTAATTCCATGGAAGATCTGTT-3′) and control-siRNA sequences (5′-TTCTCCGAACGTGTCACGT-3′), respectively, for transduction. Then, the virus carrying the p53-siRNA and control-siRNA sequences was injected into different rats via the tail vein on day 14 prior to CME modeling---1×10^11^ TU/animal. Rats were injected with propofol via the tail vein for anesthesia, followed by endotracheal intubation and connection to the ventilator. Then, the chest was opened along the left margin of the sternum, and the pericardium was stripped. Subsequently, 4000 U polystyrene microspheres were injected via the left ventricle \[microspheres were suspended in 0.1 mL normal saline containing sodium dodecyl sulfate (SDS), and the ascending aorta was clamped for 20 cardiac cycles (10 s)\]. The chest was closed, and rats were injected with 10000 U penicillin through the tail vein. After the animals recovered from anesthesia, they were housed in a clean environment for 8 h before specimens were collected. Eight hours after CME was chosen because of the peak cardiac dysfunction in our preliminary experiments and previous studies.[@b13] The animals in the sham group received 0.1 mL normal saline using similar procedures.

2.2. Evaluation of transduction efficiency {#s2b}
------------------------------------------

AAV9 vector (GeneChem, China) carrying p53-siRNA and control-siRNA fluorescent-labelled fragments were prepared. For rats in the CME+siRNA-p53 group, the left ventricle tissue was collected from the frozen section at 14 days after transduction and observed under a fluorescence microscope (magnification 100 ×) to assess the transduction efficiency. Image Pro Plus 6.0 (Media Cybernetics, USA) was used to analyze the fluorescence image, and the rate of transduction was estimated by comparing the fluorescence area with the total tissue area.

2.3. Detection of cardiac function in rats {#s2c}
------------------------------------------

The cardiac function was detected using Philips Sonos 7500 cardiovascular ultrasound machine at 8 h after CME, wherein the transducer frequency of 12 MHz was selected and the following parameters in each rat were measured: left ventricular ejection fraction (LVEF), left ventricular end diastolic diameter (LVEDd), left ventricular fractional shortening (FS), and cardiac output (CO). All the estimations were averaged over three cardiac cycles. All the echocardiographic examinations were performed by a specialist with extensive echocardiographic experience.

2.4. Detection of cardiomyocyte apoptosis by TUNEL assay {#s2d}
--------------------------------------------------------

The left ventricle was harvested from CME rats for paraffin sections, which were evaluated using the TUNEL Assay kit (Roche, USA). Under a fluorescence microscope, 5 high-power fields (magnification 100 ×) were randomly selected and imaged. The TUNEL-positive signals were located in the nuclei, and the apoptotic nuclei in the myocardial sections exhibited green fluorescence. Image Pro Plus 6.0 (Media Cybernetics, USA) was used to count the fluorescently stained nuclei (TUNEL and DAPI). The cardiomyocyte apoptosis indicator = number of apoptotic cardiomyocytes/total number of cardiomyocytes × 100%.

2.5. Western blot assay {#s2e}
-----------------------

Total protein extracted using the total protein extraction kit for cells and tissues (KangChen KC-415, China), was estimated using the BCA protein quantitation kit (KangChen KC-430). Subsequently, 50 µg protein sample per lane was resolved on the SDS-PAGE and transferred to polyvinylidene fluoride membranes (Millipore, USA), followed by incubation in 5% BSA at room temperature for 1 h to block the non-specific binding. Then, the membrane was probed with the respective primary antibodies: mouse anti-rat p53 mAb (No. \#2524), rabbit anti-rat polyclonal antibody (No. \#7467), rabbit anti-rat BCL-2 polyclonal antibody (No. \#2876), and rabbit anti-rat mAb (No. \#14220) (all from Cell Signaling Technology, USA, 1: 1000), overnight at 4°C. GAPDH (KangChen, 1: 10000) served as the internal reference. The membranes were washed with TBST, followed by addition of horseradish peroxidase-labeled secondary antibody (KangChen, 1: 5000), incubated at room temperature for 1 h. Finally, the immunoreactive bands were developed with enhanced chemiluminescence (ECL) and exposed to X-ray films (TianNeng, China). The gray-scale intensity of the bands was analyzed using the ImageJ software.

2.6. Fluorescence quantitative PCR analysis {#s2f}
-------------------------------------------

Total RNA was extracted from the left ventricular myocardium, using TRIzol (Invitrogen, USA), according to the manufacturer\'s instructions and quantified using NanoDrop (Thermo Fisher Scientific, USA). Reverse transcription was performed using cDNA reverse transcription kit (Takara, Japan). Relative quantification was performed using the 2^−ΔΔCT^ method, in which the β-actin served as the internal reference. Amplification system used ABI StepOne system (Applied BioSystems, USA). The primer sequences synthesized were as follows: p53 forward 5′-TCCTCCCCAACATCTTATCC-3′, reverse 5′-GCACAAACACGAACCTCAAA-3′, Bbc3 forward 5′-ACTGCCAGCCTTGCTTGTC-3′, reverse 5′-AGTCCTTCAGCCCTCCCTTC-3′, BCL-2 forward 5′-GACTGAGTACCTGAACCGGCATC-3′, reverse 5′-CTAGACAGCGTCTTCAGAGACA-3′, β-actin forward 5′-GGAGATTACTGCCCTGGCTCCTA-3′, reverse 5′-GACTCATCGTACTCCTGCTTGCTG-3′.

2.7. Statistical analysis {#s2g}
-------------------------

Data were analyzed using SPSS 23.0 software (IBM Corporation, Chicago, USA). Measurement data were expressed as mean ± SD. The two groups were compared using *t*-test, whereas multi-group comparisons were carried out using one-way ANOVA. The multiple comparisons among groups were performed using the LSD test. A difference with *P* \< 0.05 was considered statistically significant.

3. Results {#s3}
==========

3.1. AAV9 transduction rate of myocardium in rats {#s3a}
-------------------------------------------------

In the pre-trial, we found that AAV9 with fluorescent fragments showed the highest efficiency after it was transfected in rats for 14 days. Herein, we selected the frozen sections of myocardium that were transfected for 14 days and observed under a fluorescence microscope (magnification 100×), which showed a transduction rate of 43.09% ± 7.98% ([Figure 1](#jgc-14-05-292-g001){ref-type="fig"}).

![Fluorescence area ratio reflecting the AAV9 transduction efficiency in different locations of the ventricle of myocardial tissues under a fluorescence microscope.\
Anterior wall: 44.71% ± 5.23%, posterior wall: 34.64% ± 5.07%, apical: 49.94% ± 4.3%, average: 43.09% ± 7.98%. All scale bars represent 50 µm (magnification 100 ×).](jgc-14-05-292-g001){#jgc-14-05-292-g001}

3.2. Alteration of cardiac function indicators in rats {#s3b}
------------------------------------------------------

LVEF, FS, CO, and LVEDD values were determined using echocardiography, which were used to evaluate the cardiac function in rats. The results at 8 h after CME modeling ([Table 1](#jgc-14-05-292-t01){ref-type="table"}) revealed that: (1) compared to the sham group, the cardiac function was significantly decreased in the CME and CME+control-p53 groups, which manifested as myocardial contractile dysfunction and left ventricle dilatation, such as declined LVEF, FS, and CO (*P* \< 0.05), as well as, increased LVEDD (*P* \< 0.05). (2) Compared to the CME group, the CME-induced cardiac dysfunction was improved in the CME+siRNA-p53 group, manifesting as high LVEF, FS, and CO (*P* \< 0.05), as well as decreased LVEDD (*P* \< 0.05).

###### Changes in cardiac function indicators in rats from various groups.

                          *N*   LVEF, %               FS, %                CO, L/min            LVEDD, mm
  ----------------------- ----- --------------------- -------------------- -------------------- --------------------
  CME group               10    35.77 ± 2.63^\#^      0.15 ± 0.01^\#^      0.12 ± 0.01^\#^      0.81 ± 0.06^\#^
  Sham group              10    88.73 ± 1.22          0.54 ± 0.02          0.23 ± 0.03          0.52 ± 0.04
  CME+siRNA-p53 group     10    53.37 ± 2.51^\*,\#^   0.24 ± 0.02^\*,\#^   0.16 ± 0.02^\*,\#^   0.68 ± 0.06^\*,\#^
  CME+control-p53 group   10    37.43 ± 0.95^\#^      0.16 ± 0.01^\#^      0.11 ± 0.01^\#^      0.87 ± 0.04^\#^

\**P* \< 0.05 compared with the CME group; ^\#^*P* \< 0.05 compared with the sham group. CO: cardiac output; FS: left ventricular fractional shortening; LVEDD: left ventricular end diastolic diameter; LVEF: left ventricular ejection fraction; LVFS: left ventricular fractional shortening.

3.3. Observation of cardiomyocyte apoptosis in rats {#s3c}
---------------------------------------------------

Apoptotic nuclei were stained with green fluorescence ([Figure 2A](#jgc-14-05-292-g002){ref-type="fig"}). The cardiomyocyte apoptosis was occasionally found under the endocardium in the sham group. The cardiomyocyte apoptosis indicators of the CME, sham, CME+siRNA-p53, and CME+control-p53 groups were 10.163% ± 1.71%, 0.63% ± 0.34%, 5.63% ± 1.10%, and 10.63% ± 1.59%, respectively ([Figure 2B](#jgc-14-05-292-g002){ref-type="fig"}). Notably, the cardiomyocyte apoptosis indicator was significantly higher in the CME and CME+control-p53 groups as compared to the sham group (*P* \< 0.05), and lower in the CME+siRNA-p53 group as compared to the CME group (*P* \< 0.05).

![TUNEL staining of myocardial tissues.\
(A): Apoptotic nuclei emit green fluorescence; the arrows indicate apoptotic cardiomyocyte nuclei; (B): TUNEL-positive cell percent. \**P* \< 0.05 compared to the CME group; ^\#^*P* \< 0.05 compared to the sham group. All scale bars represent 50 µm (magnification 100 ×). CME: coronary micro-embolization.](jgc-14-05-292-g002){#jgc-14-05-292-g002}

3.4. Comparison of p53, Bbc3, and BCL-2 mRNA expressions ([Figures 3](#jgc-14-05-292-g003){ref-type="fig"}) {#s3d}
-----------------------------------------------------------------------------------------------------------

Compared to the sham group, p53 and Bbc3 mRNA expressions in the cardiomyocytes of the CME and CME+control-p53 groups were significantly increased (*P* \< 0.05), whereas the BCL-2 mRNA expression was significantly decreased (*P* \< 0.05). Compared to the CME group, p53 and Bbc3 mRNA expressions of the CME+siRNA-p53 group were significantly lower (*P* \< 0.05), whereas the BCL-2 mRNA expression was significantly increased (*P* \< 0.05).

![Fluorescence quantitative PCR results of p53 mRNA (A), Bbc3 mRNA (B) and BCL-2 mRNA (C) expressions in the four groups.\
\**P* \< 0.05 compared to the CME group, ^\#^*P* \< 0.05 compared to the sham group. CME: coronary microembolization.](jgc-14-05-292-g003){#jgc-14-05-292-g003}

3.5. Detection of p53, Bbc3, BCL-2, and caspase-3 expression levels using Western blot assay ([Figure 4](#jgc-14-05-292-g004){ref-type="fig"}) {#s3e}
----------------------------------------------------------------------------------------------------------------------------------------------

Compared to the sham group, the relative expressions of p53, Bbc3, and cleaved caspase-3 in cardiomyocytes were significantly increased in the CME and CME+control-p53 groups (*P* \< 0.05), while that of BCL-2 was significantly declined (*P* \< 0.05). Compared to the CME group, the relative expressions of p53, Bbc3, and cleaved caspase-3 were significantly lower in the CME+siRNA-p53 group (*P* \< 0.05), while that of BCL-2 was significantly increased (*P* \< 0.05).

![Western blot results of p53, Bbc3, BCL-2, and cleaved caspase-3 expressions in the four groups.\
\**P* \< 0.05 compared to the CME group; ^\#^*P* \< 0.05 compared to the sham group. CME: coronary micro-embolization.](jgc-14-05-292-g004){#jgc-14-05-292-g004}

3.6. Correlations among p53, Bbc3, BCL-2, cleaved caspase-3, and LVEF in cardiomyocytes of CME rats {#s3f}
---------------------------------------------------------------------------------------------------

In cardiomyocytes of CME rats, the p53 expression was significantly positively correlated with Bbc3 expression (*r* = 0.828, *P* = 0.002), positively correlated with cleaved caspase-3 expression (*r* = 0.677, *P* = 0.033), and negatively correlated with LVEF expression (*r* = −0.880, *P* = 0.003). On the other hand, the Bbc3 expression was negatively correlated with BCL-2 expression (*r* = −0.733, *P* = 0.019) and the cleaved caspase-3 expression was negatively correlated with LVEF expression (*r* = −0.741, *P* = 0.003).

4. Discussion {#s4}
=============

CME is a common complication during the plaque rupture in acute coronary syndrome and PCI. The condition can induce no-flow or slow-flow, and severely affect the cardiac function and long-term prognosis of the patients. This clinical issue is a major concern necessitating immediate attention.[@b3] Animal experiments have found regional minor myocardial infarction, myocardial necrosis, and apoptosis, as well as, progressive declined cardiac function in acute period of CME.[@b14] Gao, *et al*.,[@b15] observed that Bax, cytochrome C, and cleaved caspase-3 expressions were increased and BCL-2 expression was decreased during myocardial I/R, thereby resulting in increased cardiomyocyte apoptosis. This indicated that the mitochondrial apoptotic pathway is involved in myocardial apoptosis. BCL-2 family, including anti-apoptotic BCL-2 protein and pro-apoptotic Bax protein, is an essential regulator of mitochondria-mediated apoptotic signaling pathways. Moreover, caspase-3 is the final step in the activation of apoptosis, and the activated products may act as markers of apoptosis.[@b16] In this study, we found that the myocardial apoptosis indicators were significantly increased following CME, the cleaved caspase-3 expression was significantly elevated, and the cardiac function was significantly declined. Notably, our data showed that at 8 h after CME, multiple micro-infarction foci appeared in the myocardium, myocardial apoptosis increased and the cardiac function decreased. In addition, compared to CME group, the myocardial apoptosis was significantly reduced in CME+siRNA-p53 group, and cardiac function was also significantly improved, this could be further confirmed that myocardial apoptosis was one of the main mechanisms of early cardiac dysfunction in CME, and cardiac dysfunction could be effectively improved by inhibiting apoptosis.

We also found that p53 expression in myocardial tissues was significantly increased indicating a significantly positive correlation with cleaved caspase-3 expression following CME, suggesting that p53 was likely to be involved in the process of myocardial apoptosis following CME. Initially found as a tumor suppressor gene, the role of p53 in the regulation of apoptosis has been gradually revealed in several subsequent studies. Su, *et al*.,[@b17] found that p53 mediated the NOXA expression during high glucose induced cardiomyocytes apoptosis, and revealed a novel regulatory mechanism of ROCK1/p53/NOXA signaling in modulating cardiomyocyte apoptosis *in vitro*. Hong, *et al*.,[@b18] reported that p53 acted upstream of SDF-1, which showed a cardioprotective effect in acute myocardial infarction. Zhang, *et al*.,[@b11] reported p53-inhibition reduced cardiomyocyte apoptosis through the target-PFTa. Nakamura, *et al*.,[@b19] found that p53 and its downstream cytochrome C oxidase 2 (SCO~2~) protein were important regulators of mitochondrial respiration, p53/SCO~2~ up-regulation increased the oxygen consumption of mitochondria, leading to the cardiac dysfunction associated with mitochondrial-derived ROS and lipid accumulation. Moreover, p53 can regulate the apoptosis through the regulation of its effector molecule, Bbc3 (p53 upregulated modulator of apoptosis, PUMA), on the mitochondrial apoptosis pathway.[@b7],[@b20] Bbc3, a newly discovered BH3-only member of the Bcl-2 family, plays a critical role in p53-dependent and p53-independent apoptosis, wherein its interactions with BCL-2 and Bax might alter the permeability of the mitochondrial membrane.[@b21],[@b22] Tu, *et al*.,[@b23] revealed that inhibiting the Bbc3 expression in cardiomyocytes could upregulate the BCL-2 level and reduce apoptosis, thereby playing a protective role on the myocardium. In addition, Gao, *et al*.,[@b24] found that Bbc3 expression in the myocardium was significantly reduced, thus the cardiomyocyte apoptosis was significantly decreased in mice receiving anti-Bbc3 treatment during myocardial I/R. These results postulate that Bbc3 can affect the cardiomyocyte apoptosis by regulating the BCL-2 level. In the current study, we found that the Bbc3 expression level was significantly elevated and BCL-2 was significantly declined in the myocardial tissues of CME rats, with a significantly negative correlation. Furthermore, pro-caspase-3 was trimmed into a large number of cleaved fragments, indicating that the BCL-2-dependent mitochondrial apoptotic pathway was activated, which was accompanied by cardiac function deterioration.

In order to further substantiate the relationship of p53 and Bbc3 with the mitochondrial apoptotic pathway, rats were administered with adeno-associated virus injection carrying p53-siRNA sequence via the tail vein at 14 days prior to CME modeling. The results showed that the p53 expression in myocardial tissues was significantly reduced following CME, and the myocardial apoptosis indicators, as well as cleaved caspase-3, were significantly decreased; thus, the cardiac function was noticeably improved as compared to the CME group. This confirmed our speculation that p53 is involved in the myocardial apoptosis process following CME, thereby causing CME-induced cardiac dysfunction. Simultaneously, we found that when the p53 level in the myocardium was downregulated, its effector molecule Bbc3 was inhibited. Conversely, the BCL-2 expression was significantly increased, which indicated that p53/Bbc3/BCL-2 signal transduction pathway plays a major role in CME-induced cardiac dysfunction. These characteristics suggested that blocking the p53 signaling pathway can inhibit the Bbc3 expression, reduce the activation of BCL-2-related mitochondrial apoptosis pathway, and thus, improve the cardiac dysfunction following CME.

The heart was rich in mitochondria that helped provide the energy required for optimal myocardial function. Mitochondria played a central role in cellular metabolism, Ca^2+^ handling and energy production, and mitochondrial-related apoptotic pathways played a key role in myocardial apoptosis.[@b25] Translocation of Bax to mitochondria and release of cytochrome were considered as the major mechanism of mitochondrial apoptosis pathway, leading to apoptosis.[@b26] Our results and other studies demonstrated that overexpression of Bbc3 could activate mitochondrial apoptotic pathway via the BCL-2 family of apoptotic proteins and resulted in cardiomyocyte apoptosis.[@b21],[@b22] Meanwhile, in our *in vivo* model, when the mitochondrial pathway was activated in CME group, the rats not only promoted myocardial apoptosis, but also exhibited cardiac dysfunction (abnormal LVEF and FS). Furthermore, when p53 expression was down-regulated by p53-siRNA, mitochondrial apoptotic pathway was inhibited, myocardial apoptosis was significantly reduced, and cardiac function was improved. These signs suggested that lost vitality due to mitochondrial apoptosis pathway was considered to be an important determinant in cardiac dysfunction. It was noteworthy that although we significantly reduced the expression level of p53/Bbc3, rats in CME+siRNA-p53 group still showed a lower BCL-2 expression than the sham group. After all, in addition to p53/Bbc3, the mitochondrial pathway was also regulated by other upstream factors. Luo, *et al*.,[@b27] reported that p38β could interfere with mitochondrial pathway by manganese superoxide dismutase. Wang, *et al*.,[@b28] found Omi/HtrA2 participated in mitochondrial-induced myocardial apoptosis. Also, ATP, calcium, Bax and other factors were reported to affect the mitochondrial apoptosis pathway.[@b25] And in our study, it could be seen that inhibiting BCL-2-related mitochondrial pathways by down-regulating p53/Bbc3 was an effective way to reduce myocardial apoptosis and cardiac dysfunction in CME.

The limitation of this study was that plastic microspheres were considered the micro-embolization agent in CME modeling, which varied from the embolic materials with bioactivity comprising of abundant platelets, red blood cells, and other substances that were generated by actual rupture of the coronary atherosclerotic plaques. And due to the limited rate of AAV9 myocardial transduction efficiency, P53 could not be completely silent. These might result in pathophysiological changes different from the real changes of CME caused by the plaque rupture.

In summary, p53 is involved in the myocardial apoptotic process arising from CME and plays a vital role in CME-induced cardiac function injury through the regulation of Bbc3/BCL-2 signal transduction pathway. Intervening p53 expression in myocardial tissues can effectively reduce the mitochondrial pathway-induced myocardial apoptosis and CME-induced cardiac dysfunction.
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